Anthracite activated carbons are proper adsorbents for methane storage. In this study, Iranian local anthracite was activated using two commonly used chemicals (sodium hydroxide and potassium hydroxide) at similar conditions and their products are compared with regard to various properties in order to find the optimal operating parameters such as temperature, chemical ratio and pyrolysis time for producing ACs with high surface area. Three activation temperatures (670, 730 and 790 °C), three chemical-to-coal ratios (2, 2.5 and 3) and two pyrolysis times (1 and 2 hours) were studied in each carbon series (NaOH and KOH). Accordingly, the pore structures of Activated carbon (ACs) were investigated accurately based on adsorption isotherms of nitrogen as well as density functional theory. In addition, their methane storage capacities were also measured and discussed. Specific volumes (microporosity and mesoporosity) of products were also calculated. The KOH ACs had higher micropore volumes, whereas NaOH ACs had relatively higher densities. The highest methane storage was obtained by a KOH AC sample with 3:1 chemical-to-coal ratio (R), activated at 730 °C for 1 hour (AK37301). The stored and delivered methane for this sample were 176 and 158 vol/vol, respectively. Figure 6. Methane storage capacities of AC samples in the NaOH series at 35 bar:
INTRODUCTION
Because of its abundance and cheapness, natural gas, which mainly consists of methane, is considered as a preferred fuel compared with other conventional energy sources (Perrin et al. 2004) . Natural gas has low density that severely restricts its possible field of applications. Several methods have been used for storing natural gas, among which compressed natural gas (CNG) is the most common in several countries for automobile applications. This technique requires 20-25 MPa storage pressure at normal temperature, and therefore, high-pressure vessels with serious risks in its utilizations are needed. Adsorbed natural gas (ANG) technology is an alternative method that reduces the storage pressure and overcomes the disadvantages of CNG. Many different materials have been used for methane storage such as zeolites, carbon nanotubes, carbon fibres (Rejifu et al. 2010 ) and activated carbons (ACs); however, the best results were obtained for ACs (Quinn and MacDonald 1992; Giraldo and Moreno-Piraján 2009; Quinn and Ragan 2009) . A result of a previous study has shown that the highest density of adsorbed methane can be obtained at 3.5 MPa pressure, which corresponds to 0.8-nm micropores (Perrin et al. 2004) . It is worth mentioning that 150 vol/vol is the commonly accepted target, a value suggested by the Atlanta Gas Light Adsorbent Research Group (AGLARG), for a viable application of methane storage in natural gas vehicles (AGLARG 1997) .
Among all different ACs, the chemically activated ones have demonstrated better performances for methane storage at room temperature (25°C) and moderate pressure (typically 3.5 MPa). These carbons combine both large surface areas and correspondingly high micropore volumes (up to 3000 m 2 g -1 and 1.2 cm 3 g -1 , respectively), leading to the highest storage capacities (Perrin et al. 2004) . For the preparation of chemically ACs, researches used various chemical reagents including phosphoric acid, zinc chloride, sodium carbonate, sodium hydroxide and potassium hydroxide using different precursors such as coals and nutshells (Ahmadpour and Do 1995 , 1996 Wang et al. 1997; Molina-Sabio et al. 2003; Almansa et al. 2004; Azevedo et al. 2007; Puziy et al. 2007; Esteves et al. 2008; Prauchner and Rodriguez-Reinoso 2008; Rodriguez-Reinoso et al. 2008; Rashwan and Girgis 2009; Yeon et al. 2009; Okhovat and Ahmadpour 2012) . Results of different studies have shown that in comparison with the other types of chemically ACs, NaOH and KOH ACs have higher methane capacities (Lozano-Castello et al. 2002b; Celzard et al. 2005; Perrin et al. 2005) . In some other studies, the difference between the reaction mechanisms of these two chemical reagents is investigated , 2004b , which reveals that the mechanism of the two aforementioned hydroxides for the activation of carbon structures is different. KOH intercalates between the carbon layers (Diaz-Teran et al. 2003; Lillo-Rodenas et al. 2004b) , whereas NaOH reacts with the most energetic sites on the surface, presenting a reaction that strongly depends on both rank and crystal structure of the carbonaceous precursor (Lillo-Rodenas et al. 2004a; Perrin et al. 2005; Nowicki et al. 2008) .
The reactions of these two metal hydroxides with carbon precursors at high temperature under the flow of nitrogen can be described as , 2004b follows:
Although several works have been performed to prepare high-surface area ACs using NaOH and KOH individually, there is a lack of insight and comparative study about the product characteristics of these two chemicals such as surface areas, carbon structures and methane uptakes. So far, only one paper is published on the Siberian anthracite as a precursor material (Nowicki et al. 2008) .
The aim of this work is to explore the structures and methane uptake of ACs prepared with NaOH and KOH at very similar conditions using the Iranian local (Tabas) anthracite as a precursor. The results are very useful in selecting the best activation reagent for methane storage purposes and also in finding the optimum activation parameters for producing high-surface area ACs from anthracite precursors. The effect of all activation parameters on the carbon structures and their capability for methane storage are also discussed.
EXPERIMENTAL
Several studies confirmed the feasibility of anthracite precursor (mainly Spanish and German) for the preparation of high-surface area ACs using sodium hydroxide (Perrin et al. 2004; Perrin et al. 2005) and potassium hydroxide (Lozano-Castello et al. 2001; Diaz-Teran et al. 2003; Lillo-Rodenas et al. 2004b) .
In this study, local anthracite extracted from Tabas mine, located in the southern Khorasan province (Iran), was used for the preparation of ACs. Tabas mine is one of the country's largest coal mines. The proximate analysis of this anthracite precursor is presented in Table 1 . The activating agents used in this study, namely sodium and potassium hydroxides, were obtained from Merck KGA. The same condition has been selected for studying different operating parameters and comparing the effect of each parameter on AC surface areas and methane uptakes in both carbon series. Anthracite was first ground and sieved to collect the grains with average size of 250-1000 µm and then dried in an oven for 24 hours. It is worth noting that in a similar work carried out for studying NaOH-activated anthracites, particles with an average size of 100-200 µm had been used Perrin et al. 2005) . Before activation, the anthracite powder was physically mixed with anhydrous hydroxide powder.
The operating parameters were selected according to the results of previous studies conducted to produce high-surface area ACs (Biloe et al. 2002; Diaz-Teran et al. 2003; Perrin et al. 2004; Celzard et al. 2005) . The parameters included chemical-to-anthracite mass ratio (R) of 2, 2.5, 3; activation temperatures of 670, 730, 790 °C; and residence time of 1 and 2 hours.
Each mixture was placed into a stainless steel boat and heat treated in a horizontal furnace under a nitrogen flow of 500 cm 3 minute -1 . Heating rate of 5 K minute -1 has been applied up to the final temperature. After a specified residence time, the furnace was allowed to cool down to room temperature under nitrogen flow. During the experiment, the conversion of metallic sodium (produced as a result of NaOH reduction by carbon at high temperature) and sodium hydroxide to the vapour phase could be observed at the outlet of the reactor. Similar observation has been also reported previously (Perrin et al. 2005) . The products were exposed to the atmosphere for about 1 day during which the alkaline metal contents could be oxidized slowly.
The activated anthracite is washed, first with hot distilled water and then with 1M HCl solution repeatedly, until the pH of the rinse drops to less than 2 to ensure that all the Na/K metals and their salts had reacted with HCl and are completely removed from the solid structure. Finally, it is washed with hot distilled water until the pH of the rinse remains constant and close to 6. After drying in an oven for 24 hours, pure ACs were obtained. The nomenclature of each AC sample includes the anthracite's index (A), activating reagent (K or Na), chemical-to-anthracite ratio (i.e. 2 for 2:1 ratio), pyrolysis temperature (i.e. 730 correspond to 730 °C) and pyrolysis time in hours. Hence, for an AC prepared with a KOH-to-coal ratio of 3:1 pyrolyzed at 730 °C for 2 hours, the nomenclature would be AK37302.
Adsorption measurements
Iodine test and density measurements have been performed for all samples to select the nominated candidates for methane adsorption and further characterization tests. Characterization of pore structure was carried out by physical adsorption of nitrogen using an automatic adsorption system (Autosorb-1, Quantachrome). Micropore volume was calculated by applying the Dubinin-Radushkevich (DR) equation to the nitrogen adsorption at 77 K up to P/P 0 ≤ 0.1. The same data were used for calculating pore-volume distribution by applying the Horvath-Kawazoe (HK) method.
Infrared spectroscopy
The infrared (IR) spectra of two samples (one from each series) were taken using solid sample method (potassium bromide tablet with Buck Scientific 500 infrared spectrophotometer) to find the elemental groups on AC surfaces.
Methane storage capacities
For some selected samples, methane uptake was measured at 25 °C and pressure of 3.5 MPa. The classical volumetric method was used and measurements were made using Honeywell 0-40 MPa pressure transducers with an accuracy of ±0.1%. A schematic representation of the adsorption system is shown in Figure 1 .
The most important datum for ANG system is the amount of methane delivered on a volumetric basis. This value was calculated based on the differences between the amounts of methane adsorbed at 35 and 1 bar pressure, and by applying the packing density of ACs.
Density measurement
The density of AC has a significant effect on ANG applications, because higher packing density leads to higher methane uptake in the limited vessel. Packing densities of samples were measured in a small stainless steel cylinder. All sample powders were first packed under the pressure of 400 kg/cm 2 and then their packing densities were measured. It has been shown that applying pressures of up to 550 kg/cm 2 do not have any effect on methane uptake of carbonaceous samples (Lozano-732 Ali Ahmadpour et al./Adsorption Science & Technology Vol. 31 No. 8 2013 Figure 1 . Schematic of the volumetric device for methane adsorption. Castello et al. 2002b ). It should be noted that after the packing density measurements, samples were transferred into the sample holder for methane adsorption. Isotherm data for one sample in each series, before and after compression, were then compared (presented in the next section).
Higher densities can also be obtained with bimodal mixture with axial compaction procedure Perrin et al. 2005) .
RESULTS AND DISCUSSION
To find optimal conditions for producing ACs with the highest volumetric methane storage in each chemical agent series, the effect of three important parameters (mass ratio of chemical to anthracite, pyrolysis temperature and time) on the AC structures was studied. For comparison purposes, all preparation conditions were kept similar in both series. The iodine numbers, packing densities, methane uptakes and deliveries for all AC samples in NaOH and KOH series are indicated in Tables 2 and 3 . Having ACs with high surface areas and packing densities at the same time is necessary to store large amounts of methane in the limited volume. As seen in Tables 2 and 3, by increasing the temperature from 670 to 730 °C, the iodine numbers are increased for almost all samples in both carbon series. Further increase in temperature up to 790 °C resulted in lower iodine numbers, which is due to the pore-width enhancement in the carbon structure. In addition, the packing densities have been decreased with increasing temperature. Therefore, with respect to iodine numbers and packing densities of samples prepared at 790 °C, it was obvious that these samples could not store considerable amounts of methane. Therefore, further characterization tests were not performed for these samples. As mentioned earlier, the main purpose of this work was to compare methane uptakes between these two carbon series. Consequently, BET tests were conducted for some selected samples to compare their activation parameters. Table 4 shows BET surface areas and pore volumes calculated from DR equation for these selected carbons.
By comparing the results presented in Tables 2-4, it is revealed that BET surface areas are lower than iodine numbers, especially in the NaOH series. This is due to the presence of some elemental groups on these AC samples. To prove this issue, the IR spectrum of one sample from each series was taken and the results are shown in Figures 2 and 3 for NaOH and KOH samples, respectively. Figure 2 indicates that the sample in NaOH series has one sharp peak at 2155 cm -1 , which is related to the C≡C stretching bond. The presence of this group leads to high iodine number, as the carbon triple bond has a high tendency to adsorb iodine molecules and saturate. In the IR spectrum of carbon in KOH series (Figure 3 ), three peaks are distinguished. The first one that appeared at 3200-3650 cm -1 indicates the O-H stretching bond, while the second at 1634 cm -1 is related to the C=C stretching bond. The latter group is responsible for iodine consumption up to the saturation level. The third peak from 900 to 1300 cm -1 indicates the C-O stretching bond.
Higher iodine numbers of samples in the NaOH series are mainly due to the existence of carbon triple bonds (C≡C) compared with the carbon double bond (C=C) in the KOH series. Meanwhile, although values of iodine numbers may be somewhat different from the real suface areas, they help in verifying the trend of surface areas and adsorption capacities.
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Effect of Activation Parameters
Several parameters influence the characteristics of products in the preparation of ACs. In the case of ACs suitable for methane storage, samples with high porosity, high density and narrow poresize distribution (PSD) are required. Several studies (Lozano-Castello et al. 2001; Biloe et al. 2002; Lozano-Castello et al. 2002a; Perrin et al. 2005) have shown that chemical ratio (R) is the most important parameter in the chemical activation process, which has a profound effect not only on the micropore volume but also on the micropore size distribution of ACs. Furthermore, the pyrolysis temperature and time can effectively influence methane storage ability of ACs.
In the preparation of ACs there are several interactions among the activation parameters. Therefore, it is better to discuss about the combination of all these parameters at the same time in one unique qualitative factor called degree of activation. Thus, ACs could be divided into three categories based on the degrees of activation (low, medium and high). Although samples with high degrees of activation may have appropriate porosities, their lower densities make them inappropriate for methane storage. By contrast, ACs with low degrees of activation have low porosities and high densities. They are also not suitable as they have low methane adsorption capacities on the gravimetric basis. Suitable degrees of activation depend on factors such as rank of coal and type of chemical reagent. It can be concluded that by using higher chemical agent-tocoal ratio and lower pyrolysis temperature or applying lower pyrolysis time and higher pyrolysis temperature, a medium degree of activation could be achieved. It should be noted that samples prepared at 790 °C were rejected from further research because of the aforementioned argument.
NaOH Series ACs
Figures 4 and 5 show methane adsorption isotherms of samples in NaOH series at 1-and 2-hour activation time, respectively. These isotherms are shown separately for comparison purposes. Figure 6 shows methane storage capacities of samples in this series at 35 bar. From Figures 4-6 , it can be concluded that at 1-hour activation time and at lower temperature, methane adsorptions are linearly increased with chemical ratio (except for the chemical ratio of 3 at 730 °C). At higher activation time, this procedure is completely opposite and at 730 °C, methane adsorption capacity of sample is lower than that prepared at 670 °C.
Comparing the Performance of KOH with NaOH-Activated Anthracites in terms of Methane Storage 737 It can be concluded that increasing the degree of activation from low to medium mainly causes the development of supermicropores, whereas ultramicropores and mesopores are almost unaffected. Such an increase in the supermicropore volume, due to the moderate and controlled widening of micropore widths, results in enhancing methane storage capacities. In addition to the large enhancement of the mesopore volumes, higher degree of activation induces the micropore volume to decrease through widening of the already existing micropores. A constant ultramicropore volume is responsible for an almost constant quantity of methane that remains trapped within the ACs at 0.1 MPa. Therefore, ultramicropores are not useful in methane storage and even undesirable for reversible storage (Perrin et al. 2004) . Moreover, increasing pore volume with the degree of activation leads to reduction of apparent density in the ACs.
Investigating pore structure of ACs confirm two distinct ranges for the activation degrees, and each correspond to a particular activation mechanism. In lower degrees of activation, the micropore volume increases mainly by creation of new micropores keeping similar average widths, and in higher of activation the micropore volume decreases through the widening of the already existing micropores (Perrin et al. 2005) .
For appropriate comparison, nitrogen adsorption isotherms of the selected samples in NaOH series are shown in Figures 7 and 8 . Note that these isotherms were shown in two separate figures for proper comparison. These isotherms are in good agrement with the results of methane adsorption isotherms.
According to Figures 7 and 8 , all samples show Type I isotherms based on the IUPAC classification (Sing et al. 1985) , indicating microporous materials. When activation degrees increased from low to almost medium level, nitrogen adsorption capacities are also increased. At higher activation degrees, the nitrogen adsorption capacities are decreased and the knee in nitrogen adsorption isotherms become wider, indicating broader micropore size distribution due to the more aggressive activating conditions. It is obvious from these figures that the best results are obtained at 1-hour activation time with medium temperature and chemical ratio. Therefore, it can be concluded that during activation of medium rank anthracites, the medium chemical ratio and temperature with low reaction time are favourable to produce high-surface area ACs with higher pore volumes. As mentioned earlier, NaOH reacts with the most energetic sites of the surface, thus presenting a reactivity that strongly depends on both rank and crystallinity of the carbonaceous precursor (Perrin et al. 2004; Lillo-Rodenas et al. 2004b ).
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KOH series ACs
In the KOH series, the situation is almost different. Figures 9 and 10 show methane adsorption isotherms of samples in the KOH series at 1-and 2-hour activation time, respectively. Figure 11 also shows storage capacities in the KOH series. According to Figure 11 , at 1-hour activation time, methane adsorption capacities are increased linearly with temperature and chemical ratio. Similar results were also reported by other researchers (Perrin et al. 2005) with the Spanish anthracite. At higher activation times, when the temperature raised to 730 °C and chemical ratio reached 3, the adsorption capacity decreased.
Activation of anthracite coal with KOH produces highly microporous carbons that are well suited for methane storage applications. By increasing the KOH-to-coal ratio, widening of microporosity happens, thus the micropore volume increases. Similar effect can be observed with an increase in the pyrolysis temperature for a given KOH-to-coal ratio. Hence, although it may produce samples with lower packing density, higher degree of activation leads to higher gravimetric methane adsorption capacity. Therefore, an optimum degree of activation must be found. From the methane adsorption isotherms, it can be seen that methane adsorption capacity in the gravimetric basis is higher for KOH samples than those in the NaOH series. In addition, for producing highly microporous sample, the suitable degree of activation is higher in the KOH series. However, with respect to the data presented in Tables 2 and 3, it can be seen that packing densities in the KOH series are lower than those in the NaOH series. Figure 12 shows nitrogen adsorption isotherms of some selected samples in the KOH series. It can be observed that when the activation degree is exceeded from the medium level, the knee in the nitrogen adsorption isotherms becomes wider indicating broader micropore size distribution. However, all samples are mainly microporous. The results of the nitrogen adsorption isotherms also confirm the results of methane adsorption isotherms. Figures 11 and 12 show that the sample AK37301 has both the highest methane and nitrogen adsorption capacities.
Comparing the results of two ACs series indicated that KOH ACs have higher gravimetric adsoption capacities. Optimum degree of activation in the KOH series is higher than that of the NaOH series. This difference comes from reaction mechanism of these two reagents that is completely described in the 'Introduction' section. Therefore, for producing high-surface area ACs with high micropore volumes, especially when NaOH is used as the chemical reagent, having high-rank anthracite coal as the precursor is important.
Comparing the Performance of KOH with NaOH-Activated Anthracites in terms of Methane Storage 741 Figure 13 shows micropore volume distribution of the selected samples using the HK method. In the figure, the nomenclatures are arranged from top to bottom in the order of decreasing pore volume. As shown in the figure, all samples in the KOH series have higher micropore volumes and the highest pore volume belongs to the AK37301 sample.
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Ali Ahmadpour et al./Adsorption Science & Technology Vol. 31 No. 8 2013 As mentioned earlier, in the ANG technology having high micropore volume and high packing density at the same time is important for storing appropriate amount of natural gas in the limited space. With respect to Tables 2 and 3, it is clear that NaOH ACs have higher packing densities, whereas KOH samples have higher micropore volumes. Among all the prepared samples, the highest volumetric adsorption capacity (176 vol/vol) and delivered gas (158 vol/vol) correspond to the sample prepared with medium degree of activation using KOH (AK37301).
In addition, Figure 14 shows pore-volume distributions using density functional theory (DFT). This figure confirms that pore volumes in the KOH series are much higher than those in the NaOH series.
As seen in Figure 14 , when the degree of activation is medium, the majority of created pores have diameter less than 10 Ǻ and with increasing degree of activation, pore size is increased. However, as mentioned earlier, in the application of ANG method, the density of AC products also plays an important role that should be considered.
Comparing the Performance of KOH with NaOH-Activated Anthracites in terms of Methane Storage 743 Finally, it can be concluded that ACs prepared with this type of anthracite at the conditions described here are mainly microporous with suitable micropore size distributions and packing densities, making them particularly valuable for methane storage applications.
CONCLUSIONS
In this article, high-surface area ACs were produced from medium-rank local anthracite using NaOH and KOH as the chemical reagents at similar conditions. It is shown that having high-rank anthracite is important for producing high-surface area ACs. For this type of anthracite, low to almost medium degrees of activation is required when NaOH is used as the chemical reagent, whereas medium to almost high degree of activation is necessary during KOH activation. In the range of conditions investigated in this research, all samples were essentially microporous even at high degree of activation. Samples prepared with KOH had higher surface areas and micropore volumes than those in the NaOH series. Meanwhile, samples produced with NaOH had higher densities. It is shown that the best sample for methane storage is AC prepared with KOH (AK37301) at medium degree of activation, through balancing between the micropore volume and its packing density. Highest volumetric methane storage capacity and deliverable gas for this sample were 176 vol/vol and 158 vol/vol, respectively.
